Ingolstädterlandstrasse 1, 85764 Neuherberg, Germany. 14
Introduction 1
Intense industrial activity and the lack of effective environmental legislation during 2 the first half of the last century gave rise to many contaminated sites all across Europe. 3 According to recent estimates the number of polluted sites lies between 300000 and 1.5 4 million (COM, 2002) . Although the range of contaminants varies from country to country, 5 hydrocarbons and heavy metals have been reported overall as the main soil contaminants 6 (EEA, 2007) . 7
Monitoring the accumulation and mobility of potential pollutants in natural affected 8 systems provides crucial information regarding the fate of contaminants in the environment, 9
the natural attenuation potential of soils and the long-term impact of anthropogenic 10 disturbance on soil quality (Adriano, 2001) . Due to the complexity of soils, characterised by 11 multiple interactions between abiotic and biotic components, environmental studies related to 12 soil quality should consider the determination of various physical, chemical and 13 microbiological properties (Carter et al., 1999; Schloter et al., 2003) . 14 Despite many dump sites being co-contaminated with hydrocarbons and heavy metals, 15
there are very few studies, where the distribution of these groups of contaminants and their 16 effects on soil quality have been addressed in a long-time perspective (Gianfreda et al., 2005; 17 Adesodun and Mbagwu, 2008) . Remediation of sites showing multiple contaminations is 18 mainly constrained by their complexity and the economic aspect (who should pay and how 19 much). In such cases, reliance on natural attenuation mechanisms may be a suitable option for 20 some areas, depending on site specific risks and end use (Werner et al., 2004) . However, 21 current knowledge of such systems is rather limited generally resulting in abandonment or 22 remediation failure. 23
Good examples of multi-contaminations are sites where acid resins have been dumped. 24
These are residues that were produced by mineral oil facilities in Central Europe during the 25 first half of the last century. Such wastes were generated during the recycling of used oils by 26 contamination effects, the litter layer was excluded to avoid the influence of recently added 1 material to the soil system. No vegetation was directly growing on the surface of sampled 2 zones, but woody species in both areas showed no apparent signs of toxicity. 3
Transport to the laboratory was achieved within 3 hours after the sampling. For 4 assessment of gravimetric water content, water holding capacity and total hydrocarbons soil 5 subsamples were stored at 4°C until analysis (within 3 weeks after the sampling). For 6 determination of the other chemical properties, soil samples were dried for 4 days at room 7 temperature. 8 9
Physical and chemical properties 10
Soil texture was determined by the method of Gee and Bauder (1986) . The gravimetric 11 water content and the water holding capacity (WHC) were determined as described by Forster 12 (1995) . Soil pH was measured in 1/5 sample/0.01M CaCl 2 (v:v) extracts as reported in DIN 13 ISO 10390. 14 The total organic C (TOC) and total N content (TN) were determined after combustion 15 of solid-phase samples using an elemental analyser Eurovector CN coupled with a gas 16 chromatograph/isotope ratio mass spectrometer (GC/IRMS) (Finnigan MAT DeltaPlus, 17
Bremen, Germany). 18
Extractable C (Ex-C) and Extractable N (Ex-N) were obtained using 1/4 soil/0.01M 19 CaCl 2 solution extracts after shaking on an over-head shaker for 15min and subsequent 20 filtration of extracts through 0.4ȝm pore diameter Nucleopore polycarbonate Track-Etch 21
Membrane (Whatman). Total C and N concentrations in the extracts were determined via 22 catalytic high temperature oxidation using a TC/TN DIMATOC Analyzer (Dimatec 23 Analysentechnick GmbH, Germany) (Zsolnay, 2003) . 24
Extractable-P (Ex-P) was determined in 1/20 soil/0.1N NaHCO 3 extracts (Olsen et al., 1 1954) by the colorimetric procedure of Murphy and Riley (1962) using an automated 2 continuous flow analyzer (Bran + Luebbe III; Germany). 3 4
Total hydrocarbons 5
Total hydrocarbon concentrations in soil were determined by means of GC-MS (gas 6 chromatography-mass spectrometry). The extraction procedure was the same as described in 7 DIN ISO 16703. The recovery of standards after solid phase purification was 100%. 8
Purification was carried out using BondElute LKC-FL cartridges containing 500mg of Florisil 9 (VarianInc, The Netherlands). The purified extracts (hexane) containing the hydrocarbons 10 (10mL) were evaporated and re-diluted in isooctane (200µL) and then injected (splitless 11 mode) in the GC system (GC Trace, Thermo Finnigan) equipped with a capillary column 12 (BP5 SGE; 60m x 0.25mm i.d.). The area comprised between the decane and tetracontane 13 peaks was integrated using the X-calibur™ software (Thermo Finnigan, San Diego, CA, US) 14 to calculate the total concentration of hydrocarbons. 15 16 2.5. Total and extractable As, S and heavy metals 17 Total As, S and metal concentrations in soil (<60µm) were determined via ICP-OES 18 (Inductively coupled plasma-optical emission spectrometry) using a IRIS ADVANTAGE 19 spectrometer (Thermo Jarrel Ash Corporation, MA, US) after aqua regia microwave assisted 20 digestion (Microwave Laboratory Station Milestone ETHOS 900, Milestone s.r.l., Sorisole, 21 Italy). Accuracy was routinely checked by reference to digests of standard reference soils 22 (CRM 141 and CRM 277) (Table 1) . Soil 0.01M CaCl 2 -extractable trace element 23 concentrations were determined using 1/10 soil sample (<2 mm)/0.01 M CaCl 2 extracts via 24 ICP-OES (Ure et al., 1993 Values of pH in deposit samples were found to be particularly low (around 1.5 units) 19 (Table 1) . Given the extreme acidic nature of the resin one of our major goals was to find out 20 if changes in soil pH had occurred around the deposit. It is known that hydrocarbon 21 degradation is optimal at neutral pH (USEPA, 2006) and heavy metal solubility favoured at 22 low pH (Adriano, 2001) . Therefore acidification of surrounding areas could negatively affect 23 the natural attenuation potential of the soil and enhance metal mobility. Despite the low pH of 24 the resin, there were no clear acidification effects outside deposit A with the exception of the 25 most adjacent area, X A1 in which a pH value of 2.5 was recorded (Table 1 ). In the other 1 sampled zones, pH values were also relatively low (around 3), suggesting that the soil of site 2 A was naturally acid. This may be attributed to a combination of the following factors i) the 3 nature of the parent material, typical sandstone rich in silicates with low Ca and Mg content, 4
ii) the climate of the area, cold and moderately humid, and iii) the accumulation of organic 5 matter from plant material (basically needles). In addition, long-term effects of S and N 6 deposition on sandy forests may have enhanced soil acidification processes (Lückewille and 7 van Breemen 1992; Meesenburg et al., 1995) . In site B, pH values were generally less acidic 8 than in site A, which may be due to differences in clay content between the two sites (around 9 6% more clay) and organic matter quality (more abundance of deciduous leaves) (Rothe et al., 10 2002) . Local heterogeneity was also higher in site B, with pH differences up to 2 units (Table  11 2). In some of the contaminated zones (X B2 and X B3 ) pH was even higher than in the control 12 zone, hence no evident acification effects could be ascribed to the resin in those zones. 13 14
Total and extractable C, N and P 15
The composition of the resin, enriched with hydrocarbons, resulted in elevated 16 concentrations of organic C in the deposits (around 55%) ( Table 2) . As a consequence, it 17 would be expected that alterations of the organic C pool in contaminated zones might occur. 18
In site A, total C concentrations in contaminated zones of site A were lower than those found 19 in the control area, whereas in site B total C concentrations were larger in contaminated zones 20 than in the control (Table 2 ). Therefore differences in C content outside the deposits could not 21 be solely attributed to hydrocarbon contamination and were probably highly influenced by 22 local organic matter accumulation patterns. Since it was not possible to discriminate between 23 resin-derived and natural C, interpretations about total C concentrations should be taken with 24 caution. Nonetheless, we were interest on this parameter to evaluate possible interactions 25 between the C pool, metals and biological properties (see also Pérez de Mora et al., in press 1 for the latter). 2
In contrast to C, nitrogen was not a major component of the resin (only 2.8% of the dry 3 matter) ( Table 2 ) and thus no resin effect on the N pool was expected outside the deposits. 4
Total N concentrations in affected zones and controls followed a similar trend as that 5 observed for total C, as the positive correlations between these two variables indicate (Tables  6   3 and 4) . Therefore, differences in N concentrations between zones were also probably related 7 to differing natural organic matter content rather than accumulation of contaminants. 8
Significant differences were observed in the total organic C to total N ratio between the 9 deposits, contaminated zones and the control area (Table 2 ). Larger C/N ratios were observed 10 in affected zones compared to the controls; particularly in the deposits (Table 1) . Although an 11 increase of the C/N ratio in contaminated zones could be also influenced by differences in the 12 quality of the organic matter present in each particular zone, a similar effect has been reported 13 in other studies involving oil spills (Hoyle et al., 1995; Hupe et al., 2001 ). In line with this, 14 there was a high positive correlation between the C/N ratio and hydrocarbon concentrations in 15 both sites (Table 3 and 4), as opposed to total C and N concentrations. 16
Dissolved organic C influences soil biology and chemistry, and represents the labile C 17 pool which stimulates microbial activity in soil (Caravaca and Roldán, 2003; García et al., 18 2005) . At the same time, dissolved organic compounds can act as solvents or quelating agents 19 for other relatively insoluble organic compounds and heavy metals, enhancing the mobility of 20 contaminants (Kördel et al., 1999) . In both deposits, concentrations of extractable C were 21 higher than in the other zones, suggesting the presence of soluble hydrocarbon compounds in 22 the resin (Table 2) . Nonetheless, this fraction only accounted for 1/1000 (site A) and 1/600 23 (site B) of the total C pool. In site A, extractable C concentrations were higher in the control 24 area and X A1 than in the other contaminated zones, whereas in site B similar or even higher 25 concentrations were observed in the control area compared to contaminated zones (Table 2) . 26
As a result, concentrations outside the deposits did not seem to be influenced by the 1 contamination (Table 2) and might be related to other site characteristics and processes such 2 as the amount and nature of total organic C (site A, Table 2), the mineralization of organic 3 matter by soil microorganisms (Kaiser et al., 2002) or the association of soluble organic 4 compounds with hydrophobic organic pollutants (Raber and Kögel-Knabner, 1997). 5
Extractable N showed a similar pattern to dissolved organic C. The highest values were 6 recorded in the deposits, but control areas showed similar or even higher concentrations than 7 contaminated zones in both sites (Table 2 ). Therefore there was no evident resin effect on the 8 labile N pool outside the deposits and, as it was suggested for extractable C, site-specific 9 microbiological and chemical processes may account for local differences in N extractability. 10
The EC/EN ratio was around 10 in all areas (Table 2) , including the deposits, and hence no 11 evidence of shifts in labile C and N pools due to the contamination could be obtained from 12 this ratio. Like nitrogen, phosphorus was not a major component of the resin and, although the 13 highest concentrations were found in contaminated zones of both sites, P extractability was 14 lower in the deposits compared to the surroundings (Table 2) . 15 16
Hydrocarbons 17
Concentrations of hydrocarbons in the acid resin of the deposits were equivalent to 18 approximately 1000 times those found in control areas ( Figure 2 ). The severity of the 19 contamination was also patent in the contaminated zones of both sites, where hydrocarbon 20 concentrations were between 3-150 times higher in site A and 16-350 times higher in site B 21 than those found in controls (Figure 2 ). These results clearly show that hydrocarbons have 22 been released from the deposits over the last 60 years despite the hydrophobic and solid 23 nature of the resin. In addition, there were inherent differences in the hydrocarbon 24 accumulation pattern along the plume between both sites in spite of the similar composition of 25 the resin. In site A, hydrocarbon content was highest in an intermediary zone (X A2 ) of the 26 plume, whereas in site B mean concentrations were highest in the closest zone to the deposit 1 (X B1 ) and decreased as distance from the deposit increased (Figure 2 ). Studies from 2 contaminated areas have frequently shown that the spatial distribution of contaminants is 3 often irregular, even at short distances, due to the accidental nature of the contaminant process 4 and soil heterogeneity (Carlon et al., 2001; Burgos et al., 2006) . As it can be inferred from 5 Figure 1 , the two sites have distinct topological characteristics. In site A, there is a drastic 6 change in slope between the zone adjacent to the deposit (X A1 ) and the intermediary zone X A2 7 (Figure 1a) , whereas in site B the topological profile is more continuous (Figure 1b) . In 8 addition, lower clay content and natural organic matter in affected zones of site A could result 9 in low contaminant retention (Litz et al, 2004) . Interestingly, this phenomenon was observed 10 for hydrocarbons but not for heavy metals (section 3.5). This could be also due to the nature 11 of non-polar hydrocarbons, which are less reactive and hence less efficiently immobilised by 12 the soil matrix than polar compounds or inorganic elements (Grathwohl, 1997). Long-term 13 exposure to the resin has resulted in the accumulation of hydrocarbons in all contaminated 14 areas to concentrations which exceed the investigation threshold (200mg kg -1 ) proposed for 15 the soil-groundwater path by the German environmental guidelines (BBodSchG, 1998) . In 16 addition, mean concentrations in contaminated zones X A1 , X A2 and X B1 exceeded the 17 intervention limit for soils of 5000mg kg -1 established by other European countries (VROM, 18 2000) . At present there are no intervention levels in Germany based on total hydrocarbons. 19 20
Total As, S and heavy metals 21
Heavy metals are frequently found together with hydrocarbons in spills of used oils 22 (Adeyini and Alofabi 2002; Muniz et al., 2004) . Analysis from deposit samples showed that 23 in addition to hydrocarbons and S derived from the use of H 2 SO 4 in the recycling process, 24 moderately to high concentrations of As, Cd, Cu, Pb and Zn were present in the resin (Figure  25 3). In contrast to hydrocarbons and S, concentrations of As and heavy metals differed between 26 13 the two deposits: with the exception of Zn, trace elements in deposit B were twice than in 1 deposit A (Figure 3) . In site A, significant differences between contaminated and control 2 zones were only recorded in X A1 , in which Pb and S concentrations were 5 and 4 times higher, 3 respectively, than those found in the control area (Figures 3d and e) . In site B, total 4 concentrations of most elements were significantly higher in contaminated zones compared to 5 the control area (Figure 3) . Concentrations of As, Cd and Cu were around 2-16 fold higher in 6 contaminated zones than those observed in the control (Figures 3a, b and c) . In the case of Pb 7 and the control element S differences were even larger (7-140 times for Pb and 3.5-26 times 8 for S) (Figures 3d and e) , whereas mean values of Zn were only 2-2.7 fold higher than 9 background levels of the control area (Figure 3f ). The extent of the contamination was 10 therefore larger in site B than in site A and concentrations of the studied elements generally 11 exceeded the investigation threshold for the soil-groundwater path established by the German 12 law (Table 5) . In site A, this situation only occurred for Pb in zone X A1 . 13 14
Extractable As, S and heavy metals 15
Based on previous experiences, we decided to use a 0.01M CaCl 2 -based extraction to 16 assess the potential bioavailability of trace elements in soil. In general, the highest 17 concentrations were recorded in the deposits (Figure 4) . In site A, extractability of all 18 elements, except As, was significantly higher in X A1 compared to the control area (Figure 4) . 19
For the other contaminated zones no significant differences were found. In site B, the main 20 differences between contaminated and control zones were also observed for the closest area to 21 the deposit (X B1 ). Here, extractable concentrations of As, Pb and Zn were approx. 17 fold 22 higher than in the control area (Figures 4a, d and f) . In the case of Cu and S, differences of 64 23 and 80 fold, respectively, were observed (Figures 4c and e) . Differences between the control 24 zone and X B2 were also reported for S and Zn (Figures 4e and f) . Results indicate that the 25 extractability of trace elements was highly related to their total concentrations (Tables 3 and  26 4), as it has been reported in other contaminated areas, in which the spatial distribution of 1 contaminants resulted from remains of the waste material (Burgos et al., 2006) . In line with 2 other studies assessing metal solubility (Naidu et al., 2001; Adriano et al., 2004) , 3 extractability of all cationic elements was negatively correlated with soil pH in both sites 4 (Tables 3 and 4) . Metal extractability was also positively correlated with extractable C and N 5 concentrations in site A, while in site B this trend was observed for total organic C and total N 6 (Tables 3 and 4) . Heavy metals and trace elements generally show high affinity for soil 7 organic matter due to its numerous functional groups capable of binding inorganic elements 8 (Harter and Naidu, 1995) . In turn, enhanced mobility of metals via complexation to soluble 9 organic matter may also occur (Ross, 1994) . This could be the case in zones C A and X A1 , 10 where concentrations of DC and DN were much larger than in the other zones (Table 1) . 11
Although legislation does not consider extractable concentrations for environmental risk 12 assessment yet, Prueb (1997) proposed intervention values for German soils based on 1M 13 NH 4 NO 3 extraction (DIN 19730) . Despite using a milder extraction procedure, we found 14 concentrations of As and heavy metals in X A1 and X B1 , and Cd, Cu and Zn in X B2 , above the 15 threshold proposed by Prueb (1997) ( Table 5) 
Conclusions 4
We could show that over the past 60 years hydrocarbons, arsenic and metals have been 5 released from the studied deposits. Acid resin deposits can therefore act as contamination 6 sources for the environment despite the hydrophobic and solid nature of such residues. In 7 many cases, contaminants have accumulated to extents that exceed the investigation levels for 8 the soil-groundwater path proposed by the German legislation and action levels based on mild 9 extraction procedures. As a consequence the fate of such contaminants should be monitored in 10 the long-term and concentrations in groundwater controlled. Despite the acidity of the resin, 11 no major effect on soil pH was observed in the surroundings, which was naturally acid. In 12 relation to the cycling of nutrients, acid resin contaminations can widely alter the total C/total 13 N ratio in the soil while not showing a clear effect on absolute C, N and P values. 
Ex-Zn
1 Ex = extractable ; HC = total hydrocarbon content; TN = total dissolved N; TOC = total organic C. *P.05; **P Prueb (1997) 
